ABSTRACT
Human papillomavirus (HPV) infection leads to a spectrum of disease from genital warts to precancerous lesions to cervical and anal cancer and is a worldwide public health problem of epidemic proportions. Unique to HPV-related neoplasia, the presence o f specific viral antigens such as the L1 capsid structural protein and the oncoproteins E6 and E7 provide opportunities for vaccine therapy. Although difficult to precisely define, the natural immune response to HPV is vitally important and defects in cell mediated immunity correlate with increased risk of disease and cancer. In preclinical animal models, both prophylactic and therapeutic vaccines have effectively induced HPV-specific cell mediated immune responses protecting animals from viral challenge or eliminating established tumors. Most prophylactic vaccines are viruslike particles (VLP) composed of the L1 structural protein. Phase I trials have demonstrated safety and immunogenicity, but limited efficacy data are available. Therapeutic vaccine trials are reviewed including E6 and E7 vaccines comprised of peptides, fusion proteins, encapsulated plasmid DNA, and recombinant vaccinia virus. All of the vaccines appear to be safe, well tolerated, and preliminary data indicates that most are clinically effective. Multiple trials are in progress and more mature data are expected within the next few years.
INTRODUCTION
Human papillomavirus (HPV) infection is the most common sexually transmitted disease and it is second only to human immunodeficiency virus (HIV) infection in causing morbidity and mortality. Infection with at least one type of HPV is estimated to occur in more than 75% of sexually active adults. HPV is associated with a spectrum of disease ranging from benign anogenital warts to anogenital cancer, including cervical, vulvar, vaginal, penile, and anal cancer. In underdeveloped countries with limited access to health care and in the absence of widely available cervical cancer screening programs, cervical cancer is a leading cause of cancer deaths in women and these deaths are potentially preventable. Given the worldwide distribution of HPV infection, an effective means of preventing new infections and disease is of paramount importance and it is clear that developing an effective vaccine to prevent and/or treat HPV infection would have an enormous impact on public health globally.
Unique to HPV-related neoplasia and unlike many cancers and precancerous diseases, the presence of specific viral antigens provides an opportunity for vaccine therapy. Furthermore, a number of phase I and II clinical trials of HPV vaccines have been completed and large scale phase III trials are just beginning. Thus, it appears that great strides have been made in developing safe, well tolerated, and effective vaccines and the ability to prevent HPV infection or to effectively eradicate established disease seems on the horizon. This review will summarize the salient biology and natural history of HPV infection with an emphasis on the role of the immune system and natural immunity and how this has led to the development of a number of candidate HPV vaccines (see Table 1 ). HPV infects only epithelial cells and is not a systemic infection, which implies that immunity at the mucosal level may be more biologically relevant than systemic immunity. Traditionally, vaccines are generally thought of in a preventive context. A vaccine that prevents HPV infection from occurring seems plausible based not only on preclinical studies using animal models, but also preliminary clinical results. Particularly with HPVassociated disease, however, the concept of a therapeutic vaccine is not only rational, but has also been shown to be effective in early clinical trials. The rationale for selecting various possible antigens, different types of vaccines, routes of administration, measurement of surrogate endpoints, and the results of recently completed clinical trials will be discussed.
BIOLOGY OF HPV
Papillomaviruses are DNA viruses that are species-specific.
Many different mammals harbor papillomaviruses, but cross-infection does not occur. They are also site-specific within the epithelium of a given host, meaning that some types cause only cutaneous warts in humans, other types cause plantar warts, and other types cause disease specifically in the anogenital region. More than a 100 different types of HPV have been identified, including approximately 30 types that infect only the anogenital mucosa. HPV infection is associated with a spectrum of dysplasia, including low-grade disease such as genital warts or condyloma to high-grade dysplasia, which is considered to be pre-cancerous to frankly invasive cancers. HPV types are classified as low-, intermediate-, or high-risk depending on their association with benign or malignant disease. For example, HPV types 6 and 11 are considered low-risk types and associated with condyloma or low-grade dysplasia, also known as low-grade squamous intraepithelial lesions (LSIL). However, types 16 and 18 are a ssociated with high-grade dysplasia, also known as high-grade squamous intraepithelial lesions (HSIL) and more than 50% of the invasive cancers. High-risk types of HPV have been identified in more than 99% of cervical cancers (1) and almost 90% of anal cancers (2).
The HPV genome has been sequenced and consists of an approximately 8,000 base pair circular double-stranded DNA (3) . This knowledge coupled with the characterization of the life cycle of HPV provides several specific targets for potential vaccines. There are a series of early genes, E1-E7 that encode proteins involved in viral replication, transcription and cell cycle control.
The late genes L1 and L2 encode the major and minor capsid structural proteins, respectively. The early proteins E6 and E7 have been well described and are thought to be responsible for the oncogenic potential of HPV. E6 binds to native cellular p53, which when joined by a third molecule, E6-associated protein, forms a complex that results in ubiquitination of p53. This in turn leads to proteosomal degradation of p53. Loss of p53 function leads to impaired cell cycle control, increased cellular proliferation, decreased apoptosis and decreased p53-induced DNA repair. When the cells are exposed to DNA damaging events, loss of p53 may result in chromosomal instability due to continued cell cycling with lack of DNA repair. The resulting accumulation of host chromosomal changes may be the actual driving force behind progression of low-grade dysplasia to high-grade dysplasia or cancer. Among its many other functions, E7 binds to the retinoblastoma gene product (Rb) with similar loss of cell cycle control. The combined loss of p53 and Rb function appears to be synergistic in the process of malignant transformation.
Both p53 and Rb are thus tumor suppressor genes and their inactivation has been implicated in a number of cancers. E6 and E7 are attractive targets for vaccines because they are expressed throughout the life cycle of HPV and most of the therapeutic vaccines have been directed against E6 or E7. In contrast, the antigens that have been used in a most of the prophylactic vaccines are L1 and L2, which are capsid proteins synthesized late in the life cycle of HPV. L1 is the more abundant of the two capsid proteins and is commonly expressed in terminally differentiated epithelial cells as mature virus particles are assembled prior to release of infectious virion.
NATURAL HISTORY OF HPV INFECTION AND IMMUNITY
It is clear based on the natural history of HPV infection that the immune system plays an important role in controlling HPV. Compared with the large number of persons exposed and infected with HPV, only a small percentage develops cancer. HPV is sexually transmitted and the majority of people who develop disease acquire HPV shortly after initiating sexual activity. This infection may be silent and asymptomatic or be manifest as LSIL or genital warts. For most persons, infection is transient and an immune response is initiated, clearing their infection, at least to the level of detection by currently available tests (4). It is not clear if small foci of latent infection in clinically normal tissues remains in most infected individuals, or if HPV infection is truly cleared.
Most cervical LSIL will resolve spontaneously and therefore women are often observed for a period of time prior to treatment of LSIL. Persistence of infection with high-risk types of HPV due to an inadequate immune response is the hallmark of increased risk of progression to HSIL. Attempts to directly measure or specifically define the natural immune response to HPV have been problematic.
Because HPV infection occurs in the anogenital mucosa, important local responses may not be reflected systemically.
Several studies have examined the association between serologic response to HPV and cervical dysplasia. In most of these studies, the clinical significance of a serological response to the HPV 16 L1 protein did not necessarily correlate with the presence or absence of infection or disease (5) . Antibodies to HPV 16 L1 were detected in 33% of HPV negative women, 55% of HPV infected but healthy women, and 72% of women with cervical dysplasia. Other investigators looking at cellmediated immunity showed that women who cleared their HPV 16 infection were more likely to have a specific cytotoxic T lymphocyte response to E6 than those with persistence of HPV 16 infection, but this relationship was not shown for E7 (6) . Seventy-five percent (30/40) of women who cleared their HPV infection had a response to E6, E7 or both compared with 56% (5/9) of the women who had persistent HPV 16 infection. Specifically looking at E6, however, 0 of 9 women with persistent infection had a response to E6. All of the responses were to E7, which suggests that a cytotoxic T cell response to E6 may be more clinically significant. Other investigators have correlated the presence of HPV 16 specific memory cytotoxic T cell precursors with the absence or level of dysplasia and showed that paradoxically these memory T cells were not seen in women who had cleared their infection, but predominated in women with high-grade lesions or cervical cancer. They concluded that the role of naturally occurring HPV 16 E6/E7 specific memory cytotoxic T cell precursors play is still not clear (7) .
An extensive review of the natural immunity to HPV is beyond the scope of this paper, but has been done by Moscicki and colleagues (8) . Some of the reasons suggested for this inability to clearly demonstrate the nature of the i mmune response to HPV include the transient or short-lived nature of an effective immune response, downregulation of human leukocyte antigen (HLA) molecules on dysplastic cells, the small number of memory cells that may exist in the peripheral blood and the possibility of tolerance.
In addition, variation in the experimental methods used in different laboratories to demonstrate immune response leads to difficulty in interpreting the significance of some of the reported findings. For example, some of the peptides used to demonstrate reactivity in vitro may not represent epitopes clinically important in clearance of infection in vivo. The use of in vitro restimulation protocols permits detection of small number of effector cells in the peripheral blood, but the significance of these cells is unclear. The detection of these cells could indicate the presence of an effective immune response. Alternatively, the presence of HPV-specific T lymphocytes in the presence of disease in some instance may reflect persistence of infection and hence exposure to adequate amounts of antigen to generate a response, but not necessarily one that was effective to eliminate the disease. Distinguishing between these two possibilities requires long-term prospective studies of large numbers of women.
Certainly in those patients who have persistent infection, there must be some degree of immunological tolerance induced. These observations are helpful in understanding why immunization may not always be effective and to stimulate research in developing novel ways of presenting antigens to the immune system in order to generate more effective immune responses. It is clear for multiple reasons that the exact nature of the immune response remains elusive despite the clinical fact t hat regressions of disease do occur and many of the people infected with HPV appear to clear their infections. This demonstration of an immune response coupled with animal studies showing efficacy and now, successful clinical trials, provide realistic hope to the search for an effective HPV vaccine.
It is well established that there is an increased level of HPV-related disease in immunocompromised patients, which is indirect evidence of the importance of immunity in controlling HPV. Prior to HIV infection, increased anogenital neoplasia had been described in patients with disorders of cell-mediated immunity such as organ transplant patients receiving immunosuppressive medications, patients with iatrogenic immunosuppression and those with congenital immunodeficiencies. For example, a 100-fold increase in cancers of the vulva or anus has been reported in renal transplant patients (9) . The incidence of anal cancer in HIV-seropositive homosexual men is estimated to be 75 to 80 per 100,000, which is nearly twice that of HIV-seronegative homosexual men. This increased incidence of anal cancer can be compared to a rate of 0.8 per 100,000 in the general population and is greater than the incidence of cervical cancer in women prior to the introduction of widespread screening with cervical Pap smears of 35/100,000 (10).
Although there is a four-fold increase in cervical cancer among HIV-seropositive women compared with the general population and cervical cancer was deemed an AIDS-defining condition in 1993 by the Centers for Disease Control, the nature of the exact relationship of cervical cancer and HIV infection remains controversial. Additional epidemiological studies have not supported an increased incidence of cervical cancer associated with AIDS and it is likely that the increased incidence is related to similar risk factors for acquisition of HPV as HIV (11) . Multiple studies, however, have documented an increase in the prevalence of HPV infection and dysplasia of the cervix and anus among patients infected with HIV and that this increased risk of anogenital dysplasia can be correlated with the degree of immunosuppression as measured by low CD4+ lymphocyte counts and high HIV viral loads (12) (13) (14) (15) (16) (17) (18) (19) . Highly active antiretroviral therapy (HAART) has greatly reduced the morbidity and mortality of HIV infection, because of some degree of immune reconstitution and improvement in immune function.
Therefore, HPV infection and anogenital dysplasia might be expected to improve as well. Paradoxically, HAART has had little impact on anal HPV infection or anal dysplasia at least during the first 6 months of HAART therapy. Moreover, patients treated with HAART are more likely to have highgrade disease compared with patients never treated with HAART, even when matched for CD4 counts (20) . One way of explaining this paradox is that recovery of cellmediated immunity leading to regression of anal dysplasia may require more than 6 months of therapy or that patients who required HAART therapy were more profoundly immunosuppressed compared to patients never treated with HAART. Regardless, the data suggest that if people with HIV infection are living longer as a result of HAART therapy, they continue to be at risk for the development of anal cancer. It is clear from these data that a cell-mediated immune response is important in controlling HPV.
GENERAL APPROACHES TO VACCINE DEVELOPMENT
There are two main types of HPV vaccines being developed, prophylactic or preventative vaccines and therapeutic vaccines. Prophylactic vaccines are designed to prevent infection from occurring and most commonly are directed at late structural proteins, such as L1 that makes up the viral capsid. The most common type of prophylactic vaccine is comprised of virus-like particles (VLP), which are easily synthesized proteins that aggregate into structures resembling native viral capsids. This type of vaccine is an ideal sub-unit vaccine that does not contain DNA or oncogenic proteins and in that way is similar to the hepatitis B vaccine (21) . VLPs are immunogenic and safe and several L1 VLPs are in clinical trials. In addition to standard intramuscular or subcutaneous routes, other routes of administration are being investigated, such as intranasal inoculation in an attempt to optimize the immune response, particularly mucosal immunity. The ultimate measure of efficacy for a prophylactic vaccine is to prevent the development of cancer. Since there is normally a long latency period between infection and HSIL and cancer, developing and validating surrogate endpoints will be important in designing clinical trials to evaluate prophylactic vaccines.
Therapeutic vaccines are generally directed at E6 and E7 since these proteins are expressed in most HSILs and cancers. The ideal vaccine will engender a cellmediated immune response generating HPV-specific cytotoxic T lymphocytes.
Early or first-generation vaccines have been directed against a single antigenic epitope such as a peptide fragment of the HPV 16 E7 protein and are considered monovalent vaccines. Generally, cross-reactivity amongst types of HPV is low, so that newer approaches are geared towards developing polyvalent vaccines that contain multiple antigenic epitopes from both E6 and E7 as well as from other HPV types, such as HPV 18. Some vaccines in development are hybrids or chimeras and are intended to be both prophylactic and therapeutic. The same concept of type specificity applies to prophylactic vaccines, meaning that an HPV 6 L1 vaccine may exert little protection against HPV types 11, 16, or 18.
Another obstacle to overcome in developing one vaccine "that fits all" is the intimate role of HLA molecules in the immune response. The most potent professional antigen presenting cells (APCs) are dendritic cells, which circulate in the peripheral blood and are responsible for initiating a cellular immune response. Foreign extracellular proteins are taken up by APCs, processed intracellularly within lysosomes and then presented with class II HLA molecules, generating a T helper response. To stimulate a cytotoxic T cell response, peptide fragments must be associated with class I HLA molecules, which usually occurs when intracellular proteins are degraded and transported to the endoplasmic reticulum. Techniques have been developed to enhance class I responses, including the use of viral vectors and modifying antigens chemically (22) . Therefore, since some antigens are HLA restricted, then vaccines utilizing these antigens will be optimized only for certain specific HLA haplotypes. Potential ways of bypassing this problem include polyvalent vaccines for multiple HLA types and antigenic epitopes or using larger proteins that span a range of immunogenic epitopes. Other approaches designed to stimulate a specific cell-mediated response include novel fusion proteins, naked DNA, liposome encapsulated plasmid DNA, and recombinant vaccinia virus vaccines.
PRECLINICAL ANIMAL MODELS
Because HPV is species-specific, vaccine research has been hindered in part by the lack of a good animal model for HPV infection and disease and the lack of an efficient way to propagate the virus in the laboratory. There are several animal models, however, that approximate human disease and in which vaccination strategies have been successfully demonstrated (23) . The cottontail rabbit papillomavirus (CRPV) causes cutaneous warts in both domestic and cottontail rabbits. Some of the warts regress, but in those that persist, half will develop cancers. Two types of bovine papillomavirus (BPV) are known to induce papillomas, which under certain conditions will progress to carcinomas. The third model is known as the canine oral papillomavirus (COPV), a virus that causes oral papillomas in young beagle dogs, which then regress rather quickly. Although there are no known types of papillomavirus that infect rodents, mouse cells can be transformed by high-risk HPV oncoproteins, E6 and E7. These transformed cells develop into tumors when implanted into laboratory mice.
Effective L1 VLP prophylactic vaccines that induce neutralizing antibodies have been investigated in rabbits, cows, and dogs. The advantage of animal models is in the development of new conceptual approaches, which then form the basis for clinical trials.
PROPHYLACTIC VACCINE CLINICAL TRIALS
Virus-like particle (VLP) vaccines have been shown to be protective against high-dose virus challenge in several animal models. The NCI has completed a phase I safety and immunogenicity trial using an HPV 16 L1 VLP vaccine (24) . Sixty-eight of 72 normal subjects were enrolled. These subjects were expected to be at low risk for HPV infection based on sexual history, received all 3 doses of either placebo, 10 mcg. of vaccine without adjuvant, 10 mcg. of vaccine with alum adjuvant, 10 mcg. of vaccine with M59 adjuvant, or 50 mcg. of vaccine without adjuvant or with alum or M59. The vaccine was well tolerated at all doses administered either with or without adjuvant and the most common reactions reported were headache and injection site pain described as mild or moderate. The vaccine was immunogenic and all vaccine recipients seroconverted and developed antibodies to HPV 16 L1 VLPs, but no placebo recipients developed antibodies. The best response was seen in subjects who received the 50 mcg. dose without adjuvant and titers were 40 times higher than antibodies detected in patients who had been previously exposed to HPV 16 as a result of a naturally occurring infection. The antibodies generated were of the IgG1 class and were shown to be neutralizing in a pseudovirion neutralizing assay.
The NCI HPV 16 L1 VLP vaccine is one of the first prophylactic vaccines to be evaluated in a large randomized, double blind, placebo controlled trial in 21,000 women in Costa Rica (25) . These women have been well characterized as part of a large natural history study of HPV infection and cervical neoplasia that has been performed in Guanacaste, Costa Rica over the last 10 years. The primary endpoints in this study will be persistence of HPV 16 infection and development of dysplasia. Women will be followed with Pap smears, HPV testing and serology for 4 years to determine vaccine efficacy. A third arm of the trial will be added in the form of a chimeric VLP vaccine that is currently in phase I and II trials. This chimeric vaccine is composed of an HPV 16 L1 VLP and a recombinant fusion protein consisting of HPV 16 L2 joined with the non-structural proteins, HPV 16 E2 and E7. Because of concerns regarding oncogenicity, both E2 and E7 have been mutated to disable t heir DNA and retinoblastoma gene product binding sites. The chimeric VLP may also have some therapeutic activity and may cause regression of lesions that are pre-existing or that develop if the L1 VLP does not induce sterilizing immunity. In animal models these chimeric VLPs can generate cytotoxic T lymphocytes and cause tumor regressions.
Although immunogenicity has been clearly demonstrated with the HPV 16 L1 VLP vaccine, it remains to be seen how well systemic immunization and neutralizing antibodies will work at the level of the genital mucosa. In the animal models that have demonstrated resistance to viral challenge, virus is applied to damaged, abraded skin or oral mucosa and not genital mucosa. Infection of the basal cell layer of the cervix is thought to be due to microabrasions, which in turn would facilitate the transudation of serum antibodies. The NCI group in collaboration with Swiss researchers, however, have recently demonstrated that significant titers of antibodies can be found in cervical secretions of women after vaccination with HPV 16 L1 VLP vaccine (26). They compared titers in women taking oral contraceptives to women not taking them and found that antibody levels in the cervix varied much more than in serum and were 0.5 to 50% of serum titers.
Among women not taking contraceptives there was even more variation, with a 10 to 100 fold decrease in VLP specific IgG at the time of ovulation that was felt to be due to the increased volume of secretions seen at the time of ovulation. This same group also reported results from a small pilot study looking at mucosal delivery of the vaccine using either a nasal spray or an aerosol (27). The aerosol was more effective, and 3 of 6 subjects who received 50 mcg. of the HPV 16 L1 VLP vaccine via this route had serum antibody titers similar to intramuscular administration of the same dose. This trial is ongoing and researchers are evaluating a 250 mcg. dose given by aerosolization. Furthermore, these researchers found HPV 16 L1 VLP-specific IgA secreting cells in the peripheral blood and both IgG VLP-specific antibodies and secretory IgA VLP-specific antibodies in cervical secretions.
Based on these promising results, these investigators plan to evaluate the combination of an intramuscular injection and aerosol administration.
Merck has at least 3 candidate VLP vaccines in clinical trials: HPV 16 L1, HPV 11 L1, and a quadrivalent vaccine that includes HPV 6, 11, 16, and 18 L1 VLPs. Preliminary data indicate that subjects who received the quadrivalent vaccine developed neutralizing antibody titers to each of the individual types that were comparable to those produced by a monovalent vaccine. The vaccine was well tolerated without significant systemic side effects (28) . Safety, immunogenicity, and extended follow-up data from two randomized, double blind placebo controlled trials of their HPV 16 L1 VLP vaccine are available. One trial enrolled 109 healthy young women with no detectable evidence of HPV 16 infection, either by DNA testing or serology. The other trial included 480 women whose HPV DNA status was not known, however approximately 25% were known to have had HPV 16 antibodies, presumably due to current or prior natural infection with HPV 16. Women received 3 intramuscular injections at month 0, 2, and 6. Serial anti-HPV 16 titers were determined over 24 months of follow-up. A range of doses of 10, 20, 40, or 80 mg. of vaccine were evaluated in each of the groups and responses were similar among dose levels, with the peak response occurring at month 7, one month after the last immunization. Titers slowly decreased over time. At month 18, however, values in immunized women were still much higher than in women who had received placebo and who had positive serology because of previous natural infection with HPV 16. The vaccine was well tolerated with injection site erythema and headaches being the most commonly reported effects, however no serious adverse effects were reported. There were no differences in the adverse effects reported by subjects who had previously been infected with HPV compared to those with negative serology (29) . Similar data were presented for a phase I study of an HPV 11 L1 VLP vaccine in a group of 140 women indicating that it was both immunogenic and well tolerated (30) . Three injections were administered at 0, 2, and 6 months and to evaluate the effect of a booster vaccination, approximately half of the subjects received an additional vaccination at month 12. HPV 11 L1 VLP specific antibody titers initially increased after the booster, but within a year there were no significant differences in the titers of subjects who received all 4 doses versus those who only received 3 doses.
Although there are a fair amount of data on safety and immunogenicity of VLP vaccines, limited data regarding clinical efficacy have been published to date. At the 19 th Papillomavirus Conference in Brazil, Dr. Laura Koutsky presented preliminary results on the efficacy of the Merck HPV 16 L1 VLP vaccine (Koutsky, L unpublished data). These data were developed retrospectively in a group of women who had no detectable evidence of HPV 16 as described above. Of 129 control subjects who received either the HPV 11 L1 VLP vaccine or placebo, 9 subjects tested positively for HPV 16 DNA compared with none of 66 subjects who received the HPV 16 L1 VLP vaccine. These early results indicate that this HPV 16 L1 vaccine appears to be effective to prevent new infections with HPV 16. Additional data on efficacy are expected from a number of trials in the near future, but it seems likely that the ability to prevent HPV infection from occurring is on the horizon.
THERAPEUTIC VACCINE CLINICAL TRIALS
Clinical trials of several different types of therapeutic vaccines have been completed a nd will be reviewed. One of the earliest reported results of a therapeutic vaccine is from a trial in patients with advanced cervical cancer, who were immunized with a peptide vaccine manufactured at the Netherlands National Institute of Public Health and Environmental Protection in Bilthoven (31) . Nineteen patients with advanced cervical cancer recurrent or refractory to conventional treatment participated in a dose escalation phase I study. The vaccine consisted of two HPV 16 E7 peptides (amino acids 11-20 and 86-93), representing two cytotoxic T cell epitopes with high binding affinity for HLA-A*0201 combined with a pan-DR binding T helper peptide and suspended in an adjuvant similar to incomplete Freund's adjuvant. Eligibility criteria included positivity for HLA-A*0201 and persistent tumor containing HPV 16. The vaccine was well tolerated with no significant adverse effects reported. Many patients experienced an absolute lymphopenia, which was present in most prior to vaccination and likely reflected the advanced stage of their cancers or the effects of previous chemotherapy or radiation therapy. There was no consistent correlation between vaccine dose and clinical outcome. Two patients, however, had stable disease for up to 1 year after vaccination, 2 patients experienced tumor regressions after receiving chemotherapy after vaccination and the others died of progressive disease. Immunologically, no HPV-specific cytotoxic T lymphocytes were detected in any of the patients, however, 4 of 12 patients evaluated developed T helper peptide proliferative responses (32) . The investigators concluded that peptide vaccination is feasible and should be investigated further in patients who were not as profoundly immunocompromised.
A phase I dose escalation trial of a similar peptide vaccine developed under an Investigational New Drug application held by the Cancer Therapy Evaluation Program of the Nation Cancer Institute was reported in 18 women with either high-grade cervical or vulvar dysplasia, who were HLA-A2 positive and who had detectable HPV 16 (33) . The first 10 patients were treated with an HPV 16 E7 peptide (amino acids 12-20) suspended in incomplete Freund's adjuvant and the remaining 8 patients had an additional peptide added that consisted of an HPV 16 E7 peptide (amino acids 86-93) linked to a helper T-cell peptide epitope and a lipid tail. The vaccine caused a moderate local reaction categorized as grade I or II in 17 of 18 patients, but persistent granulomas were only seen in patients who received the highest dose level. Grade II systemic systems consisting of fever, lethargy, nausea, arthralgias, or myalgias occurred, but there was no correlation of symptoms with dose, and no grade III or IV toxicity was reported. Twelve of 18 patients had clearance of HPV 16 DNA by polymerase chain reaction (PCR), 3 had a decrease in signal intensity, and 3 had no change. The vaccine was immunogenic and 10 of 16 patients tested had specific E7 reactivity demonstrated by cytokine release and cytolytic assays. In 6 biopsy samples that were examined after vaccination, there was a significant increase in dendritic cells infiltrating the specimens compared to pre-vaccination samples. Moreover, 3 complete responses were seen and an additional 6 patients had a more than 50% decrease in the size of their lesions measured colposcopically.
This vaccine appears to be safe, immunogenic, and to have therapeutic activity, which will require validation in randomized phase II trials.
Borysiewicz and colleagues in conjunction with
Cantab Pharmaceuticals have developed a recombinant vaccinia virus vaccine known as TA-HPV, which encodes E6 and E7 from HPV types 16 and 18 with a mutation introduced to inactivate the E7 Rb binding site (34) . Eight patients with advanced c ervical cancer received a single dose of TA-HPV by scarification and were then kept in isolation. No clinically significant side effects were observed and there was no environmental contamination. All patients developed antibodies to vaccinia and 3 of 8 patients developed antibodies to HPV 18 E7. These HPVspecific antibodies were felt to be due to the immunization since tumors from these patients were known to contain HPV 16 but not HPV 18. 1 of 3 patients developed HPVspecific cytotoxic T lymphocytes. The study was too small to draw conclusions about efficacy, although 2 of the 8 patients were alive and tumor-free for 15 and 22 months, respectively, after vaccination. Two additional phase I trials of TA-HPV have been completed in 12 women with CIN I II and 29 women with early stage cervical cancer prior to radical surgery (35) (36) . Patients were evaluated over a 6-month period with clinical exams, documentation of any symptoms, photographs, measurement of disease, peripheral blood mononuclear cells (PBMC) for immunological assays, and biopsies for histology, immunohistochemistry, and HPV DNA status. Before and after vaccination, PBMC were incubated with HPV peptides consistent with known or predicted T cell epitopes. After this in vitro stimulation Elispot assays were used to detect gamma-interferon producing HPV-specific CD8+ lymphocytes. TA-HPV was well tolerated and no vaccine-related adverse effects were reported. Preliminary results indicate a range of responses including symptomatic improvement, shrinkage of lesions, regression of lesions histologically, and absence of detectable HPV in some patients.
A group from Addenbrooke's Hospital in Cambridge, UK presented similar data on 12 women with high-grade dysplasia vaccinated with TA-HPV at the British Society of Investigative Dermatology meeting held in Norwich, UK in March 2002. The vaccine was safe, well tolerated, and 1 woman had a complete regression of her lesion and 4 demonstrated at least a 50% decrease in size of their lesions for a response rate of 42% (37) .
TA-CIN is a second vaccine developed by Xenova that is a recombinant fusion protein composed of HPV 16 L2, E6, and E7 (38, 39) . Preclinical studies using a mouse model demonstrated the ability of TA-CIN to induce HPV 16 specific antibodies, CD4+ T helper cells, and cytotoxic T lymphocytes, which protected the animals from challenge by HPV 16-positive tumor cells and also eliminated minimal residual disease. A phase I, blinded, dose escalation study has been completed in a group of healthy volunteers comprised of 30 men and 10 women. Three dose levels were evaluated consisting of 26 mg., 128 mg., or 533 mg. and 2 of 10 subjects at each dose level received placebo. At the 533 mg. dose level, 10 women were evaluated in addition to the 10 men. The vaccine was given as an intramuscular injection at month 0, 1, and 2 and samples were taken to assess immunogenicity concurrently and at month 3. No serious or severe adverse effects were reported and there was no dose-response relationship detected between the dose of TA-CIN administered and the extent of adverse events reported. All of the vaccinated subjects developed HPV 16-specific antibodies and the highest titers were seen after all 3 vaccinations, although subjects in the high-dose cohorts developed good IgG responses after 2 doses. Elispot assays demonstrated HPV 16-specific T cells that were reactive to E6 and E7 and lymphoproliferative responses were seen in all vaccinated subjects.
The investigators concluded that TA-CIN administered at doses up to 533 mg. was both well tolerated and immunogenic.
Furthermore, additional preclinical studies using TA-CIN in conjunction with the recombinant vaccinia virus vaccine TA-HPV indicate that this combined approach may be the optimal method to induce an HPVspecific T cell mediated immune response and will be investigated in future trials.
Preclinical studies of a recombinant fusion protein vaccine developed by GlaxoSmithKline (GSK) show that it effectively eradicates established tumors in mice and protects them from a second challenge given two months later (40) . The fusion protein is composed of one third of the Hemophilus influenzae capsular lipoprotein D joined to the HPV 16 E7 protein and termed PD-E7. The advantage of using a whole protein is that it encompasses both CD4 and CD8 epitopes and obviates the need for HLA typing. Because whole proteins are weakly immunogenic, methods of increasing immunogenicity and increasing tumor-specific immunity have been developed including recombinant fusion proteins and strong adjuvants. PD-E7 was evaluated in three different adjuvants, which contained the immunostimulants MPL and QS21 in liposomes, an oil and water emulsion, or aluminum salts. SBAS 2, the oil and water emulsion was the most effective of the adjuvants and has been shown in other studies to induce cytotoxic T lymphocytes and a Th1 type of response. Mice were injected subcutaneously with tumor cells and then subsequently vaccinated. Unvaccinated mice had rapid growth of tumor similar to mice that received adjuvant alone. Although PD-E7 without adjuvant caused some slowing of tumor growth, PD-E7 with adjuvant rendered 60 to 100% of animals tumor-free. The vaccine induced both a humoral and cellular immune response with IgG antibodies, specific cytotoxic T lymphocytes, and lymphoproliferative responses.
Based on that preclinical work GSK has developed a recombinant fusion protein vaccine that consists of a mutated HPV 16 E7 protein joined to part of the Hemophilus influenzae protein D (D16E7) mixed with the GSK adjuvant AS02B. Women whose biopsies revealed cervical intraepithelial neoplasia III (CIN III) and who were positive for HPV 16 DNA received 3 vaccinations given 2 weeks apart. Of 6 women enrolled, preliminary results were reported for 4 women who were evaluable because they had received all 3 vaccinations (41). Two patients had partial regressions, defined as a decrease in lesion size measured colposcopically. In one of these regressions, a marked infiltration of lymphocytes was seen in the post-vaccination biopsy specimen compared to barely detectable lymphocytes seen in pre-vaccination biopsies and HPV 16 DNA became non-detectable. These Belgian researchers developed a protocol to assess HPV 16 E7 cellular immunity by incubating PBMC overnight with or without antigens, then freezing supernatants to look at cytokine production, and fixing and staining cells for cell surface markers and intracellular cytokines. Flow cytometry was then used to determine gamma-interferon producing CD4+/CD8-, CD4-/CD8+ and CD3-/CD16-56+ cells and interleukin-5 producing CD3+/CD4+ cells. Using this assay, 3 women had a pre-existing CD8+ T cell response to D16E7 and 2 women had gamma-interferon producing CD4+ T cells demonstrated. Post-vaccination samples incubated overnight with D16E7 showed that the number of gamma-interferon producing CD8-(4/4) and CD4-(3/4) cells were either induced or increased. Interleukin-5 producing cells were not induced by the vaccination, signifying that this was mainly a Th1 type response, but all patients developed low titers of anti-E7 IgG antibodies that were not present prior to vaccination. Studies are ongoing with more patients to further correlate histological, immunological, and virological responses.
THERAPEUTIC VACCINE CLINICAL TRIALS FOR ANAL DYSPLASIA
At UCSF, there is a cohort of approximately 800 HIV-seronegative and HIV-seropositive homosexual and bisexual men with anal dysplasia in a longitudinal natural history study and several hundred additional men and women with anal dysplasia that are followed in the UCSF Dysplasia Clinic. Over the last 10 years, we have pioneered the technique of high-resolution anoscopy, using a colposcope to examine the anus with 3% acetic acid and Lugol's solution in a manner similar to colposcopy of the cervix, vagina, and vulva. Colposcopic findings have been correlated with HPV DNA status, anal cytology, and anal histology (42, 43) . The same types of HPV that are involved in cervical dysplasia and cancer are also involved in anal dysplasia and cancer and although detection and management of anal disease is similar, protocols and standards of care are less well established. Epidemiologically, there is a significant problem of anal cancer in homosexual men that is estimated to occur at a rate of 35/100,000 HIV-seronegative men, which is similar to the rate of cervical cancer prior to the introduction of widespread screening of women with cervical Pap smears (44) . Surgical treatment of anal dysplasia using high resolution anoscopy to guide fulguration of all microscopically visible disease is an effective treatment modality for HIV-seronegative subjects, but is associated with significant short-term morbidity and pain in most patients (45) . Even though patients are treated, they still require continued follow-up because of a risk of recurrence of dysplasia, which in HIV-seropositive patients may be as high as 80%. Therefore, a better means of non-surgical management is needed. HIV-seronegative patients with high-grade anal dysplasia from either the natural history study or dysplasia clinic comprise an ideal group of subjects to evaluate therapeutic HPV vaccines because their disease is well characterized and can be followed longitudinally using well established methods and the results of two trials are discussed below.
Stressgen Biotechnologies Inc. has developed a therapeutic vaccine that has completed phase II trials and based on preliminary results presented in a poster at the 41 st Interscience Conference on Antimicrobial Agents and Chemotherapy appears to be an effective non-surgical treatment for anal HSIL (46) . The vaccine is a recombinant fusion protein termed HspE7 and consists of heat shock protein 65 (Hsp65) from Mycobacterium bovis variant BCG fused to HPV 16 E7.
In preclinical studies immunization with HspE7 induces cytotoxic T lymphocytes and a cell-mediated immune response (47) . TC-1 cells are a mouse tumor cell line that contains HPV 16 E6 and E7. When mice are inoculated with TC-1 cells they develop tumors, creating an animal model that mimics cervical carcinoma. When mice are immunized with HspE7 prior to challenge with TC-1 cells, the mice transiently develop tumors, which then completely resolve. Furthermore, these immunized mice are able to resist a second challenge administered 49 days later. HspE7 immunization of mice with established TC-1 tumors results in complete regression of tumors and increased survival compared with non-immunized mice. Interestingly, the immune response to HspE7 appears to be due to CD8+ cells independent of CD4+ cells based on studies in knockout mice depleted of either CD4+ or CD8+ cells. It is speculated that antigen presenting cells, such as dendritic cells have receptors for heat shock protein, which account for this CD4+ -independent response.
In the first part of this phase II clinical trial of HspE7 trial, subjects were randomized to receive either low-dose, 100 mcg. of HspE7 or placebo monthly for 3 injections. Eighty-six HIV-seronegative subjects with biopsy-proven anal HSIL were enrolled at two sites, UCSF or New York. Patients were assessed every 3 months with high-resolution anoscopy and biopsy of any lesions suggestive of HSIL. Three low-dose, 100 mcg. subcutaneous injections of HspE7 were no more effective than placebo. No complete responses were seen six months after the initial injection at this dose level and there was no difference between the two groups in the number of subjects with a partial response, defined as a regression from HSIL to LSIL on biopsy.
The second part of the study was an open-label study of 3 high dose, 500 mcg. subcutaneous injections of HspE7 given monthly.
Patients were eligible to participate in the open label study if they still had HSIL at 3 months after their original injection of either 100 mcg. HspE7 or placebo or if they had either LSIL or HSIL at 6 months after their o riginal injection. Eighty of the original 86 patients received the 3 high-dose injections of HspE7. The vaccine was well tolerated and there were no serious drug-related adverse effects, although the majority of subjects experienced mild to moderate reactions at the injection site. Within the first 6 months after entry into the open label high dose study, partial responses or regressions to LSIL were seen in 61 of 80 (76%) subjects, but no complete responses were seen. A complete response was defined as no dysplasia demonstrated on either cytology or biopsy. With continued follow-up, complete responses were first seen beginning at 9 months after initiation of the high dose study, or in other words, 7 months after the last high-dose injection. At 15 months of follow-up 12 of 22 (55%) patients had developed complete responses. These complete responses were durable with 12 of 14 (86%) remaining in remission at 15 months and 2 patients relapsed with LSIL. An example of Figure 1 . Resolution of anal high-grade dysplasia after treatment with the Stressgen therapeutic vaccine, HspE7. This subject had been followed in the UCSF Anal Neoplasia Study since 10/91 and initially had normal exams and Pap smears until 12/98, when a Pap smear revealed condyloma. High-grade anal dysplasia was first diagnosed in 7/99, when a biopsy at 2:00 revealed moderate dysplasia and confirmed in 11/99 with biopsies at 9:00 (the region depicted in the pictures) and 3:00 indicating severe dysplasia. In 3/00 the patient enrolled in the Stressgen HspE7 vaccine study and received either placebo or 3 injections of 100 mcg. of Hspe7 spaced a month apart. The pictures in row A are from his screening visit, the Pap smear was LSIL, a biopsy at 9:00 shown in the picture revealed atypia suggestive of HSIL and severe dysplasia at 3:00 (not shown). This picture is the best representation of HSIL and the result of atypia most likely represents sampling error since this same area was biopsied at his 6 month visit and revealed moderate dysplasia, which is consistent with the diagnosis of severe dysplasia from the same area in 11/99. The pictures on the right are after application of 3% acetic acid, which makes the abnormal areas turn white or opaque and help to reveal abnormal vascular changes, which are hallmarks of HSIL. The pictures on the right are after application of Lugol's iodine solution, which stains normal anal epithelium dark, mahogany brown as seen in row B and glycogen-poor areas of HSIL are stained yellow as in row A. At 6 months in 9/00, since he still had HSIL at 9:00, he enrolled in the second phase of the study and received 3 injection of 500 mcg. of HspE7. In 4/01, 6 months after beginning the open label high-dose HspE7, Pap smear and biopsies were LSIL and since 6/01 all biopsies and Pap smears have been normal. The picture in row B are from 6/02 and the biopsy of this same area at 9:00 is normal. a complete response is shown in Figure 1 . Although HspE7 is thought to produce HPV 16-specific immunity, the majority of responses were seen in subjects who did not have HPV 16 DNA detected (47 of 54) suggesting crossreactivity to other types. A randomized, double-blind, placebo-controlled phase III trial of high-dose HspE7 in a similar group of patients has completed accrual and is in progress.
The UCSF group recently completed a phase I study of an encapsulated plasmid DNA (pDNA) vaccine made by ZYCOS, Inc. designated as ZYC101 in a similar cohort of patients with anal high-grade dysplasia (48) . Although the primary goal was to evaluate safety in this dose escalation study, patients were evaluated for histological, immunological, and virological responses. Therapeutic activity was demonstrated in 3 of the 12 patients evaluated. The pDNA consists of the early promoter region of the human cytomegalovirus added to facilitate expression of RNA, which consists of a class II HLA secretory leader signal sequence joined to a 13 amino acid sequence proximal to the carboxy -terminus of the HPV 16 E7 protein that covers several overlapping HLA-A2 associated T cell epitopes. The resulting pDNA is encapsulated in 2 micron polylactide co-glycolide (PLG) microspheres, which is an optimal size for phagocytosis by APCs. PLG is a biodegradable polymer used in various pharmaceutical products such as suture material. The advantage of encapsulating the pDNA compared with naked DNA vaccines is a passive targeting of APCs including dendritic cells. Uptake of the pDNA then leads to E7 epitope transcription and translation into E7 peptides in the endoplasmic reticulum. In association with class I molecules, these epitopes are transported to the cell surface where they can stimulate cytotoxic T lymphocyte responses.
Twelve eligible subjects were enrolled, comprised of immunocompetent adults with anal HSIL who were HLA-A2 positive and had infection with HPV 16 documented by PCR. Beginning with the lowest dose, 3 subjects were enrolled in one of 4 dose levels: 50, 100, 200, or 400 mcg. of DNA, but there was no escalation of doses for individual patients. Subjects received 4 intramuscular injections of a single dose every 3 weeks at weeks 0, 3, 6, and 9. At baseline and at weeks 12 and 24, all subjects had an anal Pap smear for cytology and high-resolution anoscopy with biopsy of the most colposcopically abnormal areas within the anal canal or peri-anal region. PCR testing for HPV 16 was done at baseline and week 24.
ZYC101 was well tolerated and no significant adverse events occurred, although injection site pain was commonly reported. Systemic side effects consisting of mild fatigue, malaise, and fever were reported by a few patients. No histological responses were seen at the 50 and 100 mcg. doses. Although no complete responses were seen in any of the patients, 3 patients had partial responses demonstrating therapeutic activity of ZYC101: 1 of 3 patients at the 200 mcg. level had atypia at week 24, 1 of 3 patients at the 400 mcg. level had atypia at week 12 and 24, and another patient at the 400 mcg. level had a benign biopsy at week 12 and LSIL at week 24. Two of 12 patients cleared their HPV 16 infection meaning that there was no detectable HPV 16 at week 24. Since one of these patients continued to have persistent HSIL, clearance of HPV did not correlate with histological response.
Immunological response to vaccination with ZYC101 was assessed using the Elispot assay, which detects gamma-interferon production by antigen-specific T lymphocytes. PBMC were isolated from patients and allowed to react with generic APCs that had been pulsed with the particular immunogenic peptide being evaluated. Ten of 12 subjects demonstrated a 2-fold increase in HPV 16 E7 specific lymphocyte response levels using this Elispot assay, which evaluated 3 of the 6 possible epitopes in ZYC101. Immunological response defined in this manner, however, did not correlate with histological response. Both of the immunological non-responders had high baseline levels and therefore it may have been difficult technically to demonstrate a 2-fold increase. However, when the Elispot assay was performed on cells that had been expanded from the immunological non-responder, who had a partial histological regression and also had clearance of his HPV 16 infection, an immunological response was demonstrated. Another possible exp lanation for the apparent lack of response is that the assays only evaluated 3 of the 6 possible epitopes. These results are encouraging and demonstrate evidence of therapeutic activity of ZYC101 in patients with anal HSIL who are HLA-A2 positive and have HPV 16 infection, but additional phase II and III studies will be required to document its true efficacy.
A phase I/II dose escalation study of ZYC101 has also been completed in a group of women with cervical HSIL at Brigham and Women's Hospital in Boston with similar results. ZYC101 was biologically and clinically active in these patients and well tolerated with no significant adverse effects reported. Zycos has developed a new vaccine called ZYC101a that has an expanded repertoire including multiple high risk HPV epitopes and is optimized for other haplotypes in addition to HLA-A2. It is currently being evaluated in a phase II, double-blind, placebo-controlled study in women with cervical HSIL.
CONCLUSIONS AND PERSPECTIVE
There is no doubt that HPV infection, HPVassociated dysplasia, anal cancer, and cervical cancer are major public health problems worldwide. Increasing knowledge about the natural history of anogenital dysplasia and natural immunity to HPV infection have led to the development of prophylactic and therapeutic HPV vaccines, which are clearly efficacious in preclinical animal models. Although there are much more data available from human clinical trials on safety and immunogenicity than efficacy, data on effectiveness continues to emerge and results from trials currently in progress are expected shortly. Data have been presented from a number of clinical trials evaluating a variety of different vaccines with no evidence of any significant vaccine-related adverse effects and g ood evidence of immunogenicity. The prophylactic HPV 16 L1 VLP vaccine developed by Merck may be effective to prevent new infections of HPV 16 from occurring.
Based on preliminary results, all of the therapeutic vaccines appear to have some clinical activity and have produced complete responses in a subset of patients and meaningful regressions of disease in others. Validation of these results will require larger, randomized, placebo-controlled trials, many of which are in progress and have completed accrual. Based on this, it is clear that a number of safe, well tolerated, and effective HPV vaccines are likely to be added to our clinical armamentarium in the near future.
Many questions remain unanswered.
Will ongoing clinical trials of VLP vaccines, particularly polyvalent and chimeric vaccines continue to show efficacy? Will immunity be sterilizing? What is the optimal route of administration that will engender significant mucosal protective immunity? Are there some antigens that are better than others? What is the optimal vector that will stimulate cell-mediated immunity and present antigens in such a way that all arms of the immune system are activated? What will be the durability of response? Will it last a lifetime? As more clinical trials mature, evaluating why some people do not respond to a particular vaccine will provide invaluable information. How common is escape, is it related to host factors, viral factors, or a combination of the two? Assuming that HPV vaccines work extremely well against the most common types of high-risk types of HPV, 16 and 18, will there be a significant decline in the incidence of cervical and anal cancer? Assuming that immunity is type-specific, will other less common types of HPV emerge and reach a similar level of clinical significance? Will it be possible to develop effective vaccines for the large population of people who suffer from HPV disease because of compromised immune systems? Certainly the question of whether it is possible to develop a clinically effective prophylactic or therapeutic human papillomavirus vaccine seems to have been answered and there is great hope for the future, however, much more research remains to be done.
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